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75248 Paris Cedex 05, France, and Division Recherche Cancérologie, Institut de Recherches Servier, 125 Chemin de Ronde,
78290 Croissy sur Seine, France

Received June 4, 2004

Etoposide (VP-16) is a potent human DNA topoisomerase II poison, derived from 4′-de-
methylepipodophyllotoxin, widely used in cancer chemotherapy. Continuous efforts have driven
to synthesize new related compounds, presenting decreased toxic side effects, metabolic
inactivation, drug resistance, and increased water solubility. Identified structure-activity
relationships have pointed out the importance of the 4â-substitution and of the configuration
of the D ring. Here we report the synthesis of two novel series of derivatives of 4′-de-
methylepipodophyllotoxin. The first bears a carbamate chain in the 4 position (13a-f), whereas,
in the second series, in addition to this chain, the lactone ring has been modified by shifting
the carbonyl from position 13 to position 11 (27a-f). Moreover, an analogue of TOP-53 having
this lactone modification has also been prepared (32). From this study, structure-activity
relationships were established. Compounds 13a and 27a displayed potent cytotoxic activity
against the L1210 cell line (10 to 20-fold higher than VP-16) and proved to be strong
topoisomerase II poisons more potent than VP-16. From preliminary in vivo investigation of
both compounds against P388 leukemia and orthotopically grafted human A549 lung carcinoma,
it appeared that 13a and 27a constitute promising leads for a new class of antitumor agents.

Introduction
Etoposide (VP-16, Figure 1) is a semisynthetic deriva-

tive of podophyllotoxin (1, Figure 1) and one of the most
commonly used drugs in cancer chemotherapy, particu-
larly in the treatment of small cell lung cancer, testicu-
lar carcinoma, lymphoma, and Kaposi’s sarcoma.1-3

However, while 1 inhibits the assembly and disassembly
of microtubules, etoposide is an inhibitor of DNA
topoisomerase II (topo II).4,5 This is a ubiquitous and
essential enzyme that modulates DNA topology by
passing an intact DNA double helix through a transient
double-stranded break. This enzyme plays important
roles in many aspects of the DNA metabolism.6,7

The DNA/topoisomerase II covalent complex, called
the cleavage complex, is the key intermediate of the
topoisomerase reaction. In this complex each monomer
of the enzyme is covalently linked, through a phospho-
tyrosine bond, to one strand of the duplex, to the 5′-
phosphate of the four base pair staggered DNA double-
stranded break. This intermediate, which normally has
a short lifetime, is stabilized by different molecules, such
as etoposide or its derivatives, called topoisomerase II
poisons. These poisons form a ternary complex, drug/
topoisomeraseII/DNA, and thus prevent DNA religa-
tion.4,8,9 Thereby, these molecules induce breaks in the
DNA strands and cause cell death. However, the mech-

anism by which etoposide forms the ternary drug/topo-
isomerase II/DNA complex remains unclear.

Although VP-16 is widely used in therapy, it presents
several limitations, such as moderate potency, poor
water solubility, development of drug resistance, meta-
bolic inactivation, and toxic effects.10 Therefore, the
structure of VP-16 has been extensively modified, thus
increasing the information about its structure-activity
relationships. The most important modification is that
of the substituent in the 4â-position leading to potent
inhibitors of topoisomerase II, such as TOP-53 (Figure
1)11 or GL331,12 which proved to be more active than
VP-16. The amino derivative TOP-53 displays twice the
inhibitory activity of VP-16 against topoisomerase II
and exhibits in vivo superior antitumor activity than
VP-16 against several types of cancer.13,14 Accordingly,
TOP-53 has arrived in phase II clinical assays, but the
study was interrupted in 2002. It is therefore important
to synthesize less toxic derivatives of TOP-53 and to find
new VP-16 analogues to improve its clinical efficacy,
overcome the problems cited above, and also clarify the
molecular mechanism of this class of topoisomerase II
inhibitors.

In the course of our general program aimed at the
discovery of new antitumor drugs and, especially, of new
4′-demethylepipodophyllotoxin derivatives as topo-
isomerase II inhibitors,15,16 we report here the synthesis
of two novel series of such derivatives and their biologi-
cal activities. In analogy with TOP-53, we decided to
introduce an aminoalkyl chain, containing, moreover,
a carbamate group in the 4-â-position, thus leading to
the first series of derivatives: the 4′-demethylepipodo-
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phyllotoxin 4-aminoalkylcarbamates 13a-f (Figure 1).
In this context, it is worth mentioning that another class
of 4-carbamate analogues of etoposide has been previ-
ously prepared and showed good features of topo-
isomerase II inhibition.17 Furthermore, because the
main metabolites of etoposide are its lactone ring
modified analogues,18 to overcome metabolic inactiva-
tion and hopefully maintain topoisomerase II inhibition
activity, we decided to synthesize analogues with a shift
in the carbonyl group position on the lactone ring from
carbon 13 to carbon 11 (called retrolactone), as previ-
ously made for etoposide (retroetoposide).19 Here we
developed a new synthetic method, giving improved
yields. This generated the second series of compounds,
27a-f, depicted in Figure 1. In addition, we synthesized
a 4-â-aminoalkyl analogue of TOP-53 with the retro-
lactone modification (32, Figure 1) to study the influence
of the latter on the activity.

The main chemical differences introduced in these
new series of compounds are (a) the substitution of the
nitrogen of the carbamate group (methylated or free),
(b) the length of the side chain (ethyl or propyl), and (c)
the substitution of the terminal nitrogen (methylated
or not). All compounds were evaluated for inhibition of
topoisomerase II and cytotoxicity.

Chemistry

Synthesis of 4′-Demethylepipodophyllotoxin
4-Aminoalkylcarbamate Derivatives 13a-f. The

synthetic route to the new derivatives 13a-f is depicted
in Scheme 1. The podophyllotoxin 1 was first regiose-
lectively demethylated by using a previously described
procedure16 by treatment with trimethylsilyl iodide
(TMSI) and barium carbonate to afford 2. This latter
was subsequently protected at the 4′-hydroxy position
as its benzyloxycarbonyl derivative, 3.20 Compound 3
was then converted into its 4â-activated derivative 4 by
simple treatment with p-nitrophenylchloroformate in
pyridine. Introduction of the carbamate chains was
performed by reacting 4 with the appropriate amines
in the presence of triethylamine, affording compounds
5-8 in good yields. To introduce a primary amino group
at the end of the side chain, the chloro intermediates 9
and 10 were prepared to be subsequently and quanti-
tatively converted, by using NaN3 in DMF, into their
azido derivatives 11 and 12, respectively. This two-step
procedure was necessary, as we observed dimerization
as a side reaction when 4 was reacted with diamines
containing a terminal primary amino group. Finally the
4′-demethylepipodophyllotoxin 4-aminoalkylcarbamate
derivatives 13a-f were obtained by treatment of 5-8,
11, and 12 with 10% Pd/C in ethyl acetate. This allowed
both the cleavage of the benzyloxycarbonyl protecting
group and the reduction of the azido group in the case
of compounds 11 and 12.

Synthesis of 11-Oxo-13-deoxo-4′-demethylepi-
podophyllotoxin 18 (Scheme 2). Compound 15 was
obtained in two steps after protection of the 4 and 4′-
hydroxyl groups of 2 with tert-butyldimethylsilyl triflate
and subsequent reduction of the lactone ring in the
presence of lithium aluminum hydride (LiAlH4) follow-
ing a previously reported procedure.19,20 The diol 15 was
further treated with a catalytic amount of tetrapro-
pylammonium perruthenate in the presence of NMO,
in dichloromethane. This reaction provided a mixture
of two products, 14 and 16, inseparable by column
chromatography or by crystallization.

When this mixture was submitted to the prolonged
action of tetrabutylammonium fluoride (TBAF) in THF,
the complete deprotection of 14 and 16 provided the
4′-DMEP 2 and the wanted 11-oxo-13-deoxo derivative
18, respectively, but these compounds remained insepa-
rable. However, during this deprotection step, we ob-
served that 14 was completely deprotected after 20 min
to give 2, while 16 was only partially deprotected to
afford 17. So, the reaction was stopped at this step and
the two products, 2 and 17, were then successfully
separated by flash chromatography. Compound 2 was
recycled and 17 was further completely deprotected in
the presence of TBAF for 23 h to provide 18 in good
yield. This new synthesis of retrolactone proved to be
faster and more efficient than the previously reported
procedure.19

Synthesis of 11-Oxo-13-deoxo-4′-demethylepi-
podophyllotoxin 4-Aminoalkylcarbamate Deriva-
tives 27a-f. The syntheses of derivatives 27a-f
bearing various carbamate chains are depicted in
Scheme 3. Compounds 27a-f were obtained from 18 in
four steps similar to those reported for 13a-f: (a)
phenol protection (18f19), (b) activation of the 4-hy-
droxy position (19f20), (c) amine coupling (20f21-26),
and, finally, (d) cleavage of the protecting group
(21-26f27a-f). In the case of these retrolactone

Figure 1. Structure of etoposide, podophyllotoxin, TOP-53,
and the new series of compounds substituted in 4-position.
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derivatives having a primary amino group at the end
of the carbamate side chain (27c and 27f), we could
perform the direct substitution, without the preparation
of chloro and azido intermediates as in the first series
(13e and 13f). This afforded the wanted compounds
quickly (in 30 min) and in high yields without formation
of dimeric products. It was hypothesized that the
presence of the carbonyl group in the 11-position
changes the steric hindrance and consequently the
kinetic of the dimerization reaction.

Synthesis of the 11-Oxo-13-deoxo-4′-demethyl-4-
â-[2-[[2-(N,N-dimethylamino)ethyl]amino]ethyl]-4-
desoxypodophyllotoxin 32 (Scheme 4). To prepare
this analogue, the starting material was the 11-oxo-13-
deoxo-4′-benzyloxycarbonyl-4′-demethylepipodophyllo-
toxin (19). Following the synthesis previously reported
for TOP-53,11 an allyl group was first introduced in the
4-â-position of 19 upon reaction with trimethylallylsi-
lane in the presence of boron trifluoride etherate to
provide compound 28. Oxidation of 28 with osmium
tetroxide and NMO in acetone, followed by oxidation
with lead(IV) tetraacetate (Pb(OAc)4) in benzene, gave
11-oxo-13-deoxo-4′-demethyl-4′-benzyloxycarbonyl-4â-
(formylmethyl)-4-desoxypodophyllotoxin (30). Reductive
amination of 30 with sodium cyanoborohydride and
N,N-dimethylethylamine in a mixture AcOH-CH3OH
gave the 4-â-aminoalkyl derivative 31. Finally, the TOP-
53 analogue 32 was obtained in 65% yield after depro-
tection of the hydroxy group by catalytic hydrogenation.

Biological Results and Discussion

The stability of this new series of compounds in
DMSO solution was followed by HPLC measurements
over a 1-month period. As revealed by HPLC analysis,

all of the compounds 13a-f are stable, and the forma-
tion of secondary products was only observed in the case
of the retrolactone derivatives 27a (14% byproducts) and
27c (16% byproducts), when stored at room temperature
as a 5 mM DMSO solution over 1 week. In contrast, the
powder is completely stable. The related compounds 27d
and 27f, bearing a longer side chain, are completly
stable in solution. The TOP-53 analogue 32, which bears
the retrolactone modification and a secondary amino
group instead of a tertiary one, was also stable under
these conditions. To avoid the formation of secondary
products, all compounds were dissolved in DMSO im-
mediately before use.

In Table 1 are summarized the activities of all
compounds for inhibition of DNA topoisomerase II and
cytotoxicity toward murine L1210 leukemia cell line. For
topoisomerase II inhibition, the percentage of linear
DNA over a range of concentrations for each compound
has been tested. The profiles being the same at the
different concentrations, we have reported in Table 1
only the percentage of linear DNA measured at a drug
concentration of 20 µM. The first compounds studied
were the series of 4′-demethylepipodophyllotoxin 4-ami-
noalkylcarbamates (13a-f). The biological activities are
discussed on the basis of the following chemical proper-
ties: (a) the nitrogen of the carbamate group that can
be methylated or not (R1), (b) the length of the side chain
(n), and (c) the terminal nitrogen that can be disubsti-
tuted or not (R2). The second series of compounds
synthesized shares these chemical differences and, in
addition, encompasses the retrolactone modification,
where the carbonyl group is shifted from C-13 to C-11.

Concerning topoisomerase II poisoning, the compari-
son of the compounds of this first series suggests that

Scheme 1a

a Reagents: (a) TMSI then BaCO3; (b) PhCH2OCOCl, Et3N, CH2Cl2; (c) p-NO2PhOCOCl, pyridine; (d) HNR1R2, Et3N, CH2Cl2; (e) NaN3,
DMF; (f) H2, Pd/C 10%, EtOAc.
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an unsubstituted carbamate nitrogen is more favorable
than a methylated one (R1 ) H > CH3). In fact, com-
pounds 13a, 13c, and 13e are considerably more active
than their methylated analogues 13b, 13d, and 13f,
respectively. Moreover, as the length of the side chain
increases (from ethyl to propyl), topoisomerase II inhi-
bition activity is comparable for the primary carba-
mates derivatives (compare 13a to 13c) and decreases
slightly for the more hindered N-methylated compounds
(compare 13b to 13d). Finally, a dimethyl-substituted
terminal nitrogen is more favorable than the corre-

sponding primary amino group (13c > 13e and 13d >
13f).

For this series of compounds cytotoxicity quite well
follows the topoisomerase II inhibition activity. Com-
pound 13a, a very potent topoisomerase II poison, shows
the higher cytotoxicity (0.038 µM compared to 0.83 µM
for VP-16). The only exception is compound 13f, which
bears a terminal primary amino group and is methy-
lated on the carbamate. This compound, which is
cytotoxic (IC50 ) 0.24 µM for L1210 cell line), is poorly
active against topoisomerase II. This could suggest
another cellular target. Because it is known that deriva-
tives of podophyllotoxin (Figure 1) can be either topo-
isomerase II poison or tubulin polymerization/depoly-
merization inhibitors, we tested this compound for
tubulin polymerization inhibition (TPI). Compound 13f
is indeed a significant tubulin inhibitor with an IC50 of
3.9 µM (IC50 ) 3 µM for podophyllotoxin), while the most
active topoisomerase II poisons, 13a and 13c, show only
very poor inhibition of tubulin polymerization (49% and
30% at 19 mM, respectively).

Next, we studied the relationships between structure
and biological activity for the second series of com-
pounds, 27a-f (Table 1). Here again, a carbamate with
a secondary nitrogen atom (R1 ) H) and an aminoethyl
chain (n ) 2) proved to be favorable parameters for
topoisomerase II inhibition. In fact, freshly prepared
solutions of 27a and 27c were the only derivatives to
inhibit topoisomerase II and proved to be very efficient.
Replacement of aminoethyl chains by the longer ami-
nopropyl chains induced a complete loss of topo-
isomerase II inhibition activity. As observed in the first
series, a dimethyl-substituted terminal nitrogen (as in
27a) is more favorable than the corresponding primary
amino group (as in 27c). Compound 27a, which bears a
dimethylamino group and is the more potent topo-
isomerase II inhibitor (better than VP-16), is 10-fold
more cytotoxic than VP-16 (IC50) 0.088 µM) and has
the most potent effects on the cell cycle. Its ability to
inhibit tubulin polymerization/depolymerization has

Scheme 2a

a Reagents: (a) TBDMSTf, 2,6-lutidine, CH2Cl2; (b) LiAlH4,
THF; (c) NMO, tetrapropylammonium perruthenate, CH2Cl2; (d)
tetrabutylammonium fluoride, THF, 20 min; (e) tetrabutylammo-
nium fluoride, THF, 23 h.

Scheme 3a

a Reagents: (a) PhCH2OCOCl, Et3N, CH2Cl2; (b) p-NO2PhOCOCl,
pyridine; (c) HNR1R2, Et3N, CH2Cl2; (d) H2, Pd/C 10%, EtOAc.

Scheme 4a

a Reagents: (a) CH2dCHCH2SiMe3, BF3‚Et2O, CH2Cl2; (b)
OsO4, NMO, acetone; (c) Pb(OAc)4, benzene; (d) N,N-dimethyl-
ethylamine, NaCNBH3, AcOH, MeOH; (e) H2, Pd/C 10%, EtOAc.
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also been studied. It results that this compound weakly
inhibits tubulin polymerization (IC50) 37 µM) and even
less the depolymerization (40% at 67 µM). As for its
primary amino analogue 27c, it is poorly cytotoxic.
Replacement of aminoethyl chains by longer aminopro-
pyl chains strongly reduces cytotoxicity, with the excep-
tion of compound 27d, which exhibits an average
cytotoxicity, as observed for the topoisomerase II inhibi-
tion activity. Therefore, compound 27d was evaluated
for its effect on tubulin polymerization/depolymerization
and proved to be completely inactive (0% at 20 mM).

To understand why the aminopropyl chain gave such
an important loss of activity in the case of the retrolac-
tone series, we studied the position of the carbamate
side chain by computational simulation21 (data not
shown). We observed that, in the case of compound 13c
and its analogue 27d, the spatial position of the car-
bamate chain in the minimized structure is considerably
different, showing that, due to a steric clash between
the N-methylated carbamate and the carbonyl group of

the retrolactone, the side chain rotates away from the
latter. Such a change in the orientation of the side chain
could explain the decrease in topoisomerase II inhibition
activity, probably because of an unfavorable interaction
of the compound in the DNA/topoisomerase II cleavage
complex.

To investigate the role of the 4-carbamate chain in
the retrolactone compounds, we synthesized compound
32, bearing a 2-[2-(N,N-dimethylamino)ethyl]amino-
ethyl side chain, instead of the 2-(N,N-dimethylamino)-
ethyl carbamate side chain of compound 27a. Compound
32 can be considered as an analogue of TOP-53 with
the retrolactone modification and a secondary amine
instead of a tertiary amine in the side chain. This
compound is weakly cytotoxic (IC50) 27.9 µM) and has
no effect on topoisomerase II (Table 1). Thus, the
4-carbamate substituents seem essential for the activity
in this retrolactone series.

The most cytotoxic and active compounds 13a and
27a, as well as the average compound 13b (used as
control), have been further investigated in vivo in P388
leukemia tumor model and A549 orthotopic model of
human lung cancer.

These three compounds, 13a, 13b, and 27a, are active
against P388 with T/C values of 192%, 182%, and 214%,
respectively (versus 233% for VP-16). Compounds 13a
and 27a, but not 13b, are also very active against A549
with T/C values of 151%, 152%, and 102%, respectively
(versus 131% for VP16). The most active compound, 27a,
belongs to the second series and is also the most potent
topoisomerase II inhibitor.

Our study underlines some new relationships between
structure and activity that allowed us to design 13a and
27a as new promising leading drugs. Noteworthy, the
spatial organization of 4′-demethylepipodophyllotoxin

Table 1. Biological Evaluation

compound R1 R2

inhibition of topoisomerase IIR
(% linear DNA)a

cytotoxicity
IC50 (µM)b cell cycle effectc

VP-16 50 0.83 76% (2.5 µM)
TOP-53 57 0.6 75% (2.5 µM)
13a H 2 CH3 56 0.038 67% (0.1 µM)
13b CH3 2 CH3 27 1.7 77% (2.5 µM)
13c H 3 CH3 58 0.34 72% (1 µM)
13d CH3 3 CH3 17 0.96 ntd

13e H 3 H 38 1.3 nt
13f CH3 3 H 8 0.24 nt
27a H 2 CH3 64 0.088 83% (1 µM)
27b CH3 2 CH3 0 5.2 77% (25 µM)
27c H 2 H 48 3.2 nt
27d H 3 CH3 0 1.4 65% (10 µM)
27e CH3 3 CH3 0 21 nt
27f H 3 H 0 4.3 nt
32 0 27.9 nt

a Each value reported here is a medium value of at least three independent experiments and at 20 µM of drug. b IC50: concentration
of drug required to reduce to 50% L1210 cell growth. c % of L1210 cells in the G2M phase at the specified drug concentration. d nt ) not
tested.

Table 2. Antitumor Activity of Compounds 13a, 13b, and 27a

P388 leukemia
(treatment on day 1)

A549 non-small-cell
lung carcinoma
(treatment on

days 14, 21, and 28)

compd

dose
range

(mg/kg)
MTD

(mg/kg)a T/Cb

dose
range

(mg/kg)
MTD

(mg/kg)a T/Cb

VP-16 6.25-100 100 233 70-100 70 131
13a 1.56-12.5 6.25 192 1.56-6.25 6.25 151
13b 12.5-200 50 182 12.5-100 25 102
27a 1.56-100 12.5 214 1.56-6.25 6.25 152

a MTD ) maximum tolerated dose, i.e., dose which does not
induce toxic death and/or weight loss higher than 20%. b T/C ) %
median survival time of treated animals/median survival time of
control animals × 100.
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derivatives is very important for the interactions in the
ternary drug/topoisomerase II/DNA complex. It has been
shown that etoposide binds to topoisomerase II, but not
to DNA.22,23 It has also been suggested that the interac-
tion of the poison with the enzyme could precede the
binding to DNA.4,22 However, the molecular features of
the ternary complex have not yet been elucidated and
other paths are not yet excluded, as, for example, the
direct interaction of the drug with the already formed
binary DNA/topoisomerase II complex. More recent
results suggested that there are two interaction sites
for etoposide in the ternary complex.4 Many efforts have
been made to improve biological features and to identify
structure-activity relationships for 4-substituted de-
rivatives of 4′-demethylepipodophyllotoxin. It has been
shown that the 4-glucosidation, present in etoposide, is
not essential for anti-topoisomerase activity and that
other types of substituents can be introduced in the
4-position while topoisomerase II inhibition activity is
maintained.24 The pharmacophore model proposed by
MacDonald,25,26 common for all classes of topoisomerase
II inhibitors, is supported by 3D-QSAR studies,27,28 and
it shows that three domains are necessary for topo-
isomerase II inhibition activity: a DNA pseudo-inter-
calating moiety, a minor groove binding site, and a
molecular region that can accommodate a number of
structurally different substituents (4-substituents for 4′-
demethylepipodophyllotoxin derivatives). Moreover, the
pharmacophore model suggests that the 4-substituent
could also interact with the DNA minor groove. In
addition, Q-SAR electrostatic contour plots showed that
active compounds should have positive charged func-
tional groups near the minor groove of DNA. Accord-
ingly, the carbamate chains we have examined in the
present study proved to be good 4-substituents for 4′-
demethylepipodophyllotoxin, and we have found new
derivatives with an activity comparable to (and even
better than) that of etoposide, as well as inactive
compounds. This has allowed us to outline structure-
activity relationships for this class of compounds and
to predict the features that are favorable to topo-
isomerase II inhibition. In conclusion, the highest cy-
toxicity and topoisomerase II inhibition properties have
been obtained with compounds containing an unsubsti-
tuted carbamate nitrogen with an N,N-dimethylamino
alkyl side chain. For the retrolactone series, the pres-
ence of the aminopropyl chain induced a complete loss
of topoisomerase II inhibition activity due to a different
positioning of the side chain. The two 2-dimethylami-
noethylcarbamate compounds 13a and 27a are promis-
ing for further in-depth evaluation as anticancer agents.

Experimental Section

Chemistry. Solvents and most of the starting materials
were purchased from Acros, Aldrich, or Avocado. The com-
mercially unavailable N-methyl-3-chloropropylamine was pre-
pared according to a previously reported procedure.29 Reference
etoposide was obtained from Sigma Chemicals Co. Melting
points were measured on a Kofler hot stage apparatus and
were uncorrected. Mass spectra were obtained with a Nermag-
Ribermag R10-10C spectrometer applying either the desorp-
tion chemical ionization (CI) method (operating in the positive
ion mode using ammonia as the reagent gas) or the fast atom
bombardment method (FAB). Infrared spectra were obtained
with a Perkin-Elmer 1710 spectrophotometer for chloroform
solutions or KBr disks. Specific rotations were measured with

a Perkin-Elmer 241 polarimeter. The 1H NMR (300 MHz)
spectra were recorded on a Bruker AC 300 spectrometer.
Chemical shifts are expressed as parts per million from
tetramethylsilane. Splitting patterns have been designated as
follows: s (singlet), d (doublet), dd (doublet of doublet), t
(triplet), m (multiplet), and br (broad signal). Coupling con-
stants (J values) are listed in hertz (Hz). Reactions were
monitored by analytical thin-layer chromatography and prod-
ucts were visualized by exposure to UV light. Merck silica gel
(230-400 mesh ASTM) was used for column chromatography.
Acetone, methanol, and dichloromethane employed as eluents
for column chromatography were distilled on a rotary evapora-
tor prior to use. Anhydrous DMF was obtained by prolonged
contact with activated Linde-type 4 Å molecular sieves. Dry
THF was prepared by distillation from benzophenone/sodium.
All yields reported are unoptimized. Elemental analysis for
most of the new substances was performed by CNRS Labora-
tories (Vernaison, France), and unless noted otherwise, the
results obtained are within 0.4% of the theoretical values.

HPLC analysis was carried out on a reverse phase column
(X-Terra MS C18 5 µM 4.6 × 250 mm) using a gradient of H2O/
acetonitrile 0-40% and H2O/methanol 0-30% (both containing
0.01% of trifluoroacetic acid) with UV detection at 260 nm.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-(p-Nitrophenyl)carbonate (4). To a solution of p-
nitrophenylchloroformate (2.6 g, 12.7 mmol) in anhydrous
dichloromethane (10 mL) was added dry pyridine (1.2 mL).
Instantaneously a white precipitate was formed. A solution of
3 (2 g, 3.74 mmol) in dry dichloromethane (10 mL) was added
dropwise under an argon atmosphere. The mixture was stirred
for 45 min at room temperature and then washed twice with
water (2 × 40 mL) and dried over MgSO4. Concentration under
reduced pressure followed by flash chromatography (CH2Cl2/
Acetone 97:3) led to 4. The following recrystallization in hexane
gave analytically pure 4 (2.3 g, 88%) as yellow crystals. Rf )
0.27 (cyclohexane/ethyl acetate 2:1). Mp ) 125-130 °C. [R]20

D

) -101.5 (c ) 0.988, CHCl3). 1H NMR (CDCl3) δ: 8.30 (d, 2H,
J ) 8.3 Hz, PhNO2), 7.43-7.30 (m, 7H, CH2Ph, PhNO2), 7.04
(s, 1H, 5-H), 6.58 (s, 1H, 8-H), 6.30 (s, 2H, 2′,6′-H), 6.08 (d,
1H, J ) 3.0 Hz, 4-H), 6.02 (d, 2H, J ) 6.3 Hz, CH2O2), 5.26 (s,
2H, CH2Ph), 4.74 (d, 1H, J ) 5.0 Hz, 1-H), 4.46 (t, 1H, J ) 8.2
Hz, 11a-H), 4.16 (t, 1H, J ) 7.1 Hz, 11b-H), 3.69 (s, 6H, 3′,5′-
OCH3), 3.36 (dd, 1H, J ) 5.1, 14.2 Hz, 2-H), 3.15-3.00 (m,
1H, 3-H). MS (CI) m/z: 717 [M + NH4]+. Anal. (C36H29NO14)
C, H, N.

General Synthetic Method for Compounds 5-8. To a
stirred solution of 4 (0.36 mmol, 248.3 mg) in CH2Cl2 (10 mL)
was added the appropriate amine (0.48 mmol, 1.1 equiv) and
triethylamine (0.48 mmol) at room temperature. After stirring
for the reported times, the reaction mixture was washed with
cold saturated NaHCO3 and then water until pH 6-7. The
extract was dried over MgSO4 and concentrated in vacuo at
30 °C. The residue was purified by silica gel column chroma-
tography using a mixture of cyclohexane/ethyl acetate 1:1 as
the eluent to afford compounds 5-8 in the reported yields. In
the cases of compounds 6-8, the chromatographed compounds
were directly employed in the subsequent deprotection step
without further purification.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-[2-(N′,N′-Dimethylaminoethyl)]]carbamate (5).
Reaction time: 3 h. White crystals from hexane. Yield: 85%.
Rf ) 0.42 (CH2Cl2/MeOH 90:10). Mp ) 104-106 °C. [R]20

D )
-74.5 (c 0.395, CHCl3). 1H NMR (CDCl3) δ: 7.47-7.30 (m, 5H,
CH2Ph), 6.94 (s, 1H, 5-H), 6.53 (s, 1H, 8-H), 6.30 (s, 2H, 2′,6′-
H), 6.03-5.94 (m, 3H, CH2O2, 4-H), 5.50 (br s, 1H, NH), 5.25
(s, 2H, CH2Ph), 4.66 (d, 1H, J ) 5.1 Hz, 1-H), 4.38 (t, 1H, J )
8.4 Hz, 11a-H), 4.03 (t, 1H, J ) 9.8 Hz, 11b-H), 3.68 (s, 6H,
3′,5′-OCH3), 3.38-3.18 (m, 3H, CH2R, 2-H), 3.00-2.85 (m, 1H,
3-H), 2.47 (t, 2H, J ) 5.8 Hz, CH2â), 2.26 (s, 6H, N(CH3)2).
MS (CI) m/z: 649 [M + H]+, 666 [M + NH4]+. Anal.
(C34H36N2O11) C, H, N.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-[2-(N′,N′-Dimethylaminoethyl)]-N-methyl]car-
bamate (6). Reaction time: 1 h. Yellow amorphous solid.
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Yield: 85%. Rf ) 0.14 (CH2Cl2/MeOH 95:5). Mp ) 102-104
°C. [R]20

D ) -59.0 (c 0.998, CHCl3). 1H NMR (CDCl3) δ: 7.44-
7.33 (m, 5H, CH2Ph), 6.94 (s, 0.5H, 5-H (rot.)), 6.91 (s, 0.5H,
5-H (rot.)), 6.54 (s, 1H, 8-H), 6.31 (s, 2H, 2′,6′-H), 6.04 (d, 1H,
J ) 3.5 Hz, 4-H), 6.01 (s, 2H, CH2O2), 5.27 (s, 2H, CH2Ph),
4.67 (d, 1H, J ) 5.0 Hz, 1-H), 4.40 (br t, 1H, J ) 7.1 Hz,
11a-H), 4.05-3.99 (m, 1H, 11b-H), 3.71 (s, 6H, 3′,5′-OCH3),
3.60-3.54 (m, 0.5H, CH2R (rot.)), 3.39-3.30 (m, 1H, CH2R
(rot.)), 3.25-3.17 (m, 1.5H, CH2R (rot.), 2-H), 3.00 (s, 1.5H,
NCH3 (rot. 1.5H)), 2.98-2.92 (m, 1H, 3-H), 2.89 (s, 1.5H, NCH3

(rot. 1.5H)), 2.52-2.42 (m, 1H, CH2â), 2.40-2.35 (m, 1H,
CH2â), 2.29 (s, 3H, N(CH3)2), 2.14 (s, 3H, N(CH3)2). MS (CI)
m/z: 663 [M + H]+.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-[3-(N′,N′-Dimethylaminopropyl)]]carbamate (7).
Reaction time: 1.5 h. Yield: 85%. Rf ) 0.20 (CH2Cl2/MeOH
90:10). Mp ) 62-64°C (white solid). [R]20

D ) -77.0 (c 0.225,
CHCl3). 1H NMR (CDCl3) δ: 7.45-7.31 (m, 5H, CH2Ph), 6.94
(s, 1H, 5-H), 6.55 (s, 1H, 8-H), 6.30 (s, 2H, 2′,6′-H), 6.00-5.97
(m, 3H, 4-H, CH2O2), 5.89 (br s, 1H, NH), 5.27 (s, 2H,
CH2Ph), 4.66 (d, 1H, J ) 4.9 Hz, 1-H), 4.42-4.37 (m, 1H,
11a-H), 4.04-3.98 (m, 1H, 11b-H), 3.69 (s, 6H, 3′,5′-OCH3),
3.35-3.29 (m, 2H, CH2R), 3.25-3.16 (m, 1H, 2-H), 3.04-2.93
(m, 1H, 3-H), 2.44-2.40 (t, 2H, J ) 6.8 Hz, CH2γ), 2.29-2.18
(m, 6H, N(CH3)2), 1.73-1.69 (m, 2H, CH2â). MS (CI) m/z: 663
[M + H]+.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-[3-(N′,N′-Dimethylaminopropyl)]-N-methyl]car-
bamate (8). Reaction time: 2 h. White crystals from hexane.
Yield 75%. Rf ) 0.10 (cyclohexane/ethyl acetate 1:1). Mp 83-
85 °C. [R]20

D ) -61.0 (c 0.589, CHCl3). 1H NMR (CDCl3) δ:
7.42-7.30 (m, 5H, CH2Ph), 6.92 (s, 0.5H, 5-H (rot.)), 6.89 (s,
0.5H, 5-H (rot.)), 6.50 (s, 1H, 8-H), 6.29 (s, 2H, 2′,6′-H), 6.04-
6.00 (m, 1H, 4-H), 5.93 (d, 2H, J ) 6.5 Hz, CH2O2), 5.22 (s,
2H, CH2Ph), 4.65 (d, 1H, J ) 4.9 Hz, 1-H), 4.35 (t, 1H, J ) 8.2
Hz, 11a-H), 4.02-3.90 (m, 1H, 11b-H), 3.65 (s, 6H, 3′,5′-OCH3),
3.40-3.22 (m, 1H, CH2R (rot.)), 3.21-3.09 (m, 2H, CH2R (rot.),
2-H), 3.00-2.86 (m, 3.5H, 3-H, NCH3 (rot.)), 2.73 (s, 1.5H,
NCH3 (rot.)), 2.31-2.28 (m, 2H, CH2γ), 2.07 (s, 6H, N(CH3)2),
1.78-1.66 (m, 1H, CH2â), 1.64-1.49 (m, 1H, CH2b). MS (CI)
m/z: 677 [M + H]+.

General Procedure for the Synthesis of 9 and 10. To a
solution of 4 (800 mg, 1.14 mmol) in anhydrous CH2Cl2 (33
mL) were added methyl-3-chloropropylamine (prepared as
previously described29) or chloropropylamine (2.2 equiv, 2.28
mmol) and then dry triethylamine (4.56 mmol, 0.64 mL). After
the solution was stirred at room temperature for the reported
times, it was diluted with CH2Cl2 (70 mL) and washed with a
saturated solution of NaHCO3 and then with water until pH
7. The organic layer was separated and dried over anhydrous
MgSO4. Flash chromatography (cyclohexane/ethyl acetate 1:1)
afforded 9 and 10 as pure compounds in the reported yields.
The chromatographed compounds were directly employed in
the subsequent deprotection step without further purification.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-(3-Chloropropyl)]carbamate (9). Reaction time: 3
h. Yellow amorphous solid. Yield: 96%. Rf ) 0.34 (cyclohexane/
ethyl acetate 1:1). Mp ) 125-127 °C. [R]20

D ) -75.5 (c 0.520,
CHCl3). 1H NMR (CDCl3) δ: 7.46-7.30 (m, 5H, CH2Ph), 6.92
(s, 1H, 5-H), 6.52 (s, 1H, 8-H), 6.28 (s, 2H, 2′,6′-H), 6.04-5.91
(m, 3H, 4-H, CH2O2), 5.24 (s, 2H, CH2Ph), 5.08 (br s, 1H, NH),
4.64 (d, 1H, J ) 4.7 Hz, 1-H), 4.37 (t, 1H, J ) 8.1, 11a-H),
3.98 (t, 1H, J ) 9.8 Hz, 11b-H), 3.66 (s, 6H, 3′,5′-OCH3), 3.63-
3.50 (m, 2H, CH2R), 3.40-3.27 (m, 1H, CH2γ), 3.19 (dd, 1H, J
) 4.8, 14.0 Hz, 2-H), 3.00-2.97 (m, 2H, 3-H, CH2γ), 2.06-
1.80 (m, 2H, CH2â). MS (CI) m/z: 671 [M + NH4]+.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-(3-Chloropropyl)-N-methyl]carbamate (10). Reac-
tion time: 6 h. Yellow amorphous solid. Yield 75%. Rf ) 0.51
(cyclohexane/ethyl acetate 1:1). Mp ) 116-118 °C. [R]20

D )
-59.0 (c 0.275, CHCl3). 1H NMR (CDCl3) δ: 7.56-7.30 (m, 5H,
CH2Ph), 6.93 (s, 0.5H, 5-H), 6.92 (s, 0.5H, 5-H (rot.), 6.53 (s,
1H, 8-H), 6.30 (s, 2H, 2′,6′-H), 6.05-5.93 (m, 3H, 4-H, CH2O2),
5.25 (s, 2H, CH2Ph), 4.67 (d, 1H, J ) 5.0 Hz, 1-H), 4.39 (t, 1H,

J ) 8.1 Hz, 11a-H), 3.57 (dd, 1H, J ) 7.1, 14.2 Hz, 11b-H),
3.68 (s, 6H, 3′,5′-OCH3), 3.62-3.55 (m, 1H, CH2R (rot.)), 3.50-
3.36 (m, 2H, 2-H, CH2R (rot.)), 3.27-3.11 (m, 1H, 3-H), 2.97
(s, 1.5H, NCH3 (rot.)), 2.88 (s, 1.5H, NCH3 (rot.)), 1.95-1.87
(m, 1H, CH2γ), 1.77-1.61 (m, 3H, CH2g, CH2â). MS (CI) m/z:
685 [M + NH4]+.

General Procedure for the Synthesis of 11 and 12. To
a solution of 9 or 10 (0.8 mmol) in dry DMF (40 mL) was added
NaN3 (4.0 mmol, 260.0 mg). The solution was stirred for 60 h
at 50 °C. After this time, the reaction mixture was diluted with
ethyl acetate and washed with a saturated solution of NH4Cl
and then with water, until pH 7. The organic layer was dried
over anhydrous MgSO4 and purified by silica gel column
chromatography, using a mixture CH2Cl2/acetone 90:10 as the
eluent, to give 11 and 12 in the reported yields. The chro-
matographed compound was directly employed in the subse-
quent deprotection step without further purification.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-(3-Azidopropyl)]carbamate (11). Yellow amorphous
solid. Yield 85%. Rf 0.10 (cyclohexane/ethyl acetate 1:1). Mp
80-82 °C. [R]20

D ) -83.0 (c 0.360, CHCl3). 1H NMR (CDCl3)
δ: 7.47-7.30 (m, 5H, CH2Ph), 6.92 (s, 1H, 5-H), 6.52 (s, 1H,
8-H), 6.26 (s, 2H, 2′,6′-H), 6.05-5.89 (m, 3H, 4-H, CH2O2), 5.55
(br s, 1H, NH), 5.23 (s, 2H, CH2Ph), 4.60 (d, 1H, J ) 4.9 Hz,
1-H), 4.34 (br t, 1H, J ) 7.2 Hz, 11a-H), 3.97 (dd, 1H, J ) 9.0,
10.5 Hz, 11b-H), 3.66 (s, 6H, 3′,5′-OCH3), 3.40-3.20 (m, 5H,
2-H, CH2R,γ), 3.19-3.08 (m, 1H, 3-H), 1.86-1.70 (m, 2H,
CH2â). IR (CHCl3) ν: 3452 (NH), 2934 (aliphatic C-H), 2102
(N3), 1777 (lactone), 1719 (carbamate), 1623, 1507, 1485
(aromatic CdC). MS (CI) m/z: 678 [M + NH4]+.

4′-Benzyloxycarbonyl-4′-demethylepipodophyllotox-
in 4-[N-(3-Azidopropyl)-N-methyl]carbamate (12). Yellow
amorphous solid. Yield 75%. Rf ) 0.48 (CH2Cl2/acetone 90:10).
Mp ) 92-95 °C. [R]20

D ) -64.0 (c 0.470, CHCl3). 1H NMR
(CDCl3) δ: 7.50-7.34 (m, 5H, CH2Ph), 6.97 (s, 1H, 5-H), 6.55
(s, 1H, 8-H), 6.27 (s, 2H, 2′,6′-H), 6.10-5.85 (m, 3H, 4-H,
CH2O2), 5.41 (s, 2H, CH2Ph), 4.65 (d, 1H, J ) 5.0 Hz, 1-H),
4.38 (t, 1H, J ) 13.1 Hz, 11a-H), 3.97 (dd, 1H, J ) 8.8, 10.7
Hz, 11b-H), 3.84 (s, 3H, NCH3), 3.77 (s, 6H, 3′,5′-OCH3), 3.47-
3.30 (m, 4H, CH2R,γ), 3.25 (dd, 1H, J ) 5.1, 14.2 Hz, 2-H),
3.05-2.90 (m, 3H, 3-H, CH2â). IR (CHCl3) ν: 2941 (aliphatic
C-H), 2102 (N3), 1776 (lactone), 1697 (carbamate), 1621, 1506,
1486 (aromatic CdC). MS m/z: 692 [M + NH4]+.

General Procedure for the Synthesis of 13a-f, 27a-f,
and 32. A solution of 5-8, 11, 12, 21-26, or 31 (0.250 mmol)
was stirred under hydrogen atmosphere in the presence of
palladium on activated carbon (10%). The mixture was stirred
for 3 h. After removal of the catalyst by filtration through a
pad of Celite, the filtrate was concentrated under reduced
pressure and the product purified by flash chromatography,
using a mixture CH2Cl2/MeOH 90:10 as the eluent, to give pure
compounds in the reported yields.

4′-Demethylepipodophyllotoxin 4-[N-[2-(N′,N′-Dimeth-
ylaminoethyl)]]carbamate (13a). White crystals from hex-
ane. Yield: 70%. Rf ) 0.16 (CH2Cl2/MeOH 90:10). Mp ) 110-
112 °C. [R]20

D ) -104.5 (c 0.520, CHCl3). 1H NMR (CDCl3) δ:
6.94 (s, 1H, 5-H), 6.54 (s, 1H, 8-H), 6.29 (s, 2H, 2′,6′-H), 6.05-
5.92 (m, 3H, CH2O2, 4-H), 5.48-5.38 (m, 2H, OH, NH), 4.62
(d, 1H, J ) 4.9 Hz, 1-H), 4.35 (t, 1H, J ) 8.2 Hz, 11a-H), 4.02
(t, 1H, J ) 9.8 Hz, 11b-H), 3.76 (s, 6H, 3′,5′-OCH3), 3.36-3.25
(m, 2H, CH2R), 3.17 (dd, 1H, J ) 5.0, 14.1 Hz, 2-H), 3.02-
2.88 (m, 1H, 3-H), 2.42 (t, 2H, J ) 5.7 Hz, CH2â), 2.21 (s, 6H,
N(CH3)2). MS (CI) m/z: 515 [M + H]+. Anal. (C26H30N2O9): C,
H, N.

4′-Demethylepipodophyllotoxin 4-[N-[2-(N′,N′-Dimeth-
ylaminoethyl)]-N-methyl]carbamate (13b). White amor-
phous solid. Yield: 60%. Rf ) 0.39 (CH2Cl2/MeOH 95:5). Mp
) 184-186°C. [R]20

D ) -81.5 (c 1, CHCl3). 1H NMR (CDCl3)
δ: 6.93 (s, 0.5H, 5-H (rot.)), 6.90 (s, 0.5H, 5-H (rot.)), 6.54 (s,
1H, 8-H), 6.29 (s, 2H, 2′,6′-H), 6.03 (d, 1H, J ) 3.5 Hz, 4-H),
5.98 (d, 2H, J ) 6.0 Hz, CH2O2), 5.41 (s, 1H, 4′-OH), 4.64 (d,
1H, J ) 4.9 Hz, 1-H), 4.37 (br t, 1H, J ) 9.9 Hz, 11a-H), 4.06-
3.92 (m, 1H, 11b-H), 3.78 (s, 6H, 3′,5′-OCH3), 3.58-3.42 (m,
1H, CH2R (rot.)), 3.39-3.25 (m, 1H, CH2R (rot.)), 3.38-3.22-
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3.10 (m, 1H, 2-H), 3.05-2.95 (m, 2.5H, 3-H, NCH3 (rot.)), 2.86
(s, 1.5H, NCH3 (rot.)), 2.50-2.40 (m, 1H, CH2â), 2.38-2.30 (m,
1H, CH2â), 2.27 (m, 3H, (NCH3)2), 2.14 (s, 3H, N(CH3)2). MS
(CI) m/z: 529 [M + H]+, 551 [M + Na]+. Anal. (C27H32N2O9):
C, H, N.

4′-Demethylepipodophyllotoxin 4-[N-[3-(N′,N′-Dimeth-
ylaminopropyl)]]carbamate (13c). Yield: 76%. White amor-
phous solid. Rf ) 0.21 (CH2Cl2/MeOH 90:10). Mp 150-152 °C.
[R]20

D ) -23.0 (c 0.035, CHCl3). 1H NMR (CDCl3) δ: 6.91 (s,
1H, 5-H), 6.55 (s, 1H, 8-H), 6.29 (s, 2H, 2′,6′-H), 6.07 (br s,
1H, NH), 5.99-5.97 (m, 3H, 4-H, CH2O2), 5.41 (s, 1H, 4′-OH),
4.64 (d, 1H, J ) 5.1 Hz, 1-H), 4.33 (t, 1H, J ) 8.1 Hz, 11a-H),
3.99 (t, 1H, J ) 10.6 Hz, 11b-H), 3.78 (s, 6H, 3′,5′-OCH3),
3.40-3.35 (m, 2H, CH2R), 3.27 (dd, 1H, J ) 5.1, 14.1 Hz,
2-H), 3.24-3.18 (m, 2H, CH2γ), 3.15-3.06 (m, 1H, 3-H), 2.81
(s, 6H, N(CH3)2), 1.44-1.40 (m, 2H, CH2â). MS (CI) m/z: 529
[M + H]+.

4′-Demethylepipodophyllotoxin 4-[N-[3-(N′,N′-Dimeth-
ylaminopropyl)]-N-methyl]carbamate (13d). White crys-
tals from hexane. Yield 70%. Rf ) 0.28 (CH2Cl2/MeOH
90:10). Mp ) 94-96 °C. [R]20

D ) -74.0 (c 0.455, CHCl3).
1H NMR (CDCl3) δ: 6.92 (s, 0.5H, 5-H (rot.)), 6.84 (s,
0.5H, 5-H (rot.)), 6.52 (s, 1H, 8-H), 6.26 (s, 2H, 2′,6′-H),
6.04-5.92 (m, 3H, 4-H, CH2O2), 5.43 (br s, 1H, 4′-OH),
4.63 (br d, 1H, J ) 4.5 Hz, 1-H), 4.33 (t, 1H, J ) 8.1 Hz,
11a-H), 4.00-3.83 (m, 1H, 11b-H), 3.74 (s, 6H, 3′,5′-OCH3),
3.51-3.30 (m, 0.5H, CH2R (rot.)), 3.28-3.15 (m, 1.5H,
CH2R (rot.)), 3.14 (dd, 1H, J ) 4.9, 14.1 Hz, 2-H), 3.04-2.91
(m, 4H, 3-H, CH3), 2.81 (s, 6H, N(CH3)2), 2.73-2.60 (m,
2H, CH2γ), 2.21-1.94 (m, 2H, CH2â). MS (CI) m/z: 543
[M + H]+.

4′-Demethylepipodophyllotoxin4-[N-(3-Aminopropyl)]-
carbamate (13e). White amorphous solid. Yield 45%. Rf )
0.15 (CH2Cl2/MeOH 90:10). Mp ) 195-197 °C. [R]20

D ) -68.0
(c 0.470, DMSO). 1H NMR (DMSO-d6) δ: 6.90 (s, 1H, 5-H),
6.53 (s, 1H, 8-H), 6.19 (s, 2H, 2′,6′-H), 5.99 (d, 2H, J ) 11.1
Hz, CH2O2), 5.87 (d, 1H, J ) 2.7 Hz, 4-H), 4.55 (d, 1H, J ) 4.7
Hz, 1-H), 4.34 (t, 1H, J ) 7.7 Hz, 11a-H), (t, 1H, J ) 9.4 Hz,
11b-H), 3.60 (s, 6H, 3′,5′-OCH3), 3.12-2.90 (m, 4H, 2,3-H,
CH2R), 2.79-2.65 (m, 2H, CH2γ), 1.69-1.57 (m, 2H, CH2â).
MS (CI) m/z: 501 [M + H]+.

4′-Demethylepipodophyllotoxin 4-[N-(3-Aminopropyl)-
N-methyl]carbamate (13f). White amorphous solid. Yield
40%. Rf ) 0.36 (CH2Cl2/MeOH 90:10). Mp 122-124 °C. [R]20

D

) -74.5 (c 0.495, DMSO). 1H NMR (DMSO-d6) δ: 6.98 (s, 1H,
5-H), 6.54 (s, 1H, 8-H), 6.18 (s, 2H, 2′,6′-H), 5.99 (d, 2H, J )
10.0 Hz, CH2O2), 5.90 (d, 1H, J ) 2.9 Hz, 4-H), 4.54 (d, 1H, J
) 5.0 Hz, 1-H), 4.34 (t, 1H, J ) 7.9 Hz, 11a-H), 3.91 (t, 1H, J
) 9.4 Hz, 11b-H), 3.72 (s, 3H, NCH3), 3.70-3.64 (m, 6H, 3CH2),
3.60 (s, 6H, 3′,5′-OCH3), 3.16 (dd, 1H, J ) 5.1, 14.4 Hz, 2-H),
3.12-2.99 (m, 1H, 3-H). MS (CI) m/z: 515 [M + H]+. Anal.
(C26H30N2O9) C, H, N.

4,4′-bis-O-(tert-Butyldimethylsilyl)-11-oxo-13-deoxo-4′-
demethylepipodophyllotoxin (16). To a stirred solution of
15 (9.49 mmol, 6 g), prepared as previously described,17 in
CH2Cl2 were added N-methylmorpholine N-oxide (NMO) (28.3
mmol, 3.3 g), tetrapropylammonium perruthenate (0.96 mmol,
334 mg), and molecular sieves (4Å). After 2 h, the reaction
mixture was filtered through a pad of Celite, and the filtrate
was concentrated under reduced pressure. The product was
then purified by flash chromatography, using a mixture
cyclohexane/ethyl acetate 3:1 as eluent, to give an inseparable
mixture of 14 and 16. Overall yield: 83%. Rf ) 0.65 (cyclo-
hexane/ethyl acetate 3:1). MS (CI) m/z: 646 [M + NH4]+.

4-O-(tert-Butyldimethylsilyl)-11-oxo-13-deoxo-4′-de-
methylepipodophylloto xin (17). To a solution of 14 and
16 (7.08 mmol, 4.45 g) in anhydrous THF (150 mL) was added
dropwise a solution of 1 M tetrabutylammonium fluoride in
THF (10.62 mmol). After stirring for 20 min, the reaction
mixture was washed with a saturated NH4Cl solution and then
with water until pH 6-7. The extract was dried over MgSO4

and concentrated under reduced pressure at 30 °C. The residue
was further purified by silica gel column chromatography
using a mixture cyclohexane/ethyl acetate 1:1 as the eluent

to afford pure compound 17. Compound 2 was obtained as the
second product and can be recycled. White crystals from
hexane. Yield: 48%. Rf ) 0.45 (cyclohexane/ethyl acetate 1:1).
Mp ) 195-197 °C. [R]20

D ) -18.1 (c 0.210, CHCl3). 1H NMR
(CDCl3) δ: 6.76 (s, 1H, 5-H), 6.47 (s, 1H, 8-H), 5.96 (br s, 4H,
2′,6′-H, CH2O2), 5.46 (s, 1H, 4′-OH), 5.12 (d, 1H, J ) 2.6 Hz,
4-H), 4.41 (t, 1H, J ) 6.2 Hz, 13a-H), 4.34 (d, 1H, J ) 5.4 Hz,
1-H), 3.78 (s, 6H, 3′,5′-OCH3), 3.58-3.47 (m, 2H, 2,13b-H), 2.72
(dd, 1H, J ) 2.6, 13.8 Hz, 3-H), 0.81 (s, 9H, tBu), 0.25 (s, 3H,
Me), 0.11 (s, 3H, Me). MS (CI) m/z: 532 [M + NH4]+. Anal.
(C27H34O8Si) C, H.

11-Oxo-13-deoxo-4′-demethylepipodophyllotoxin (18).
Compound 17 (988 mg, 1.92 mmol) was treated under condi-
tions similar to those described in the previous step, but
maintaining stirring for 23 h, to provide 18 in 80% yield after
flash chromatography using cyclohexane/ethyl acetate 1:2 as
the eluent. Subsequent recrystallization from hexane gives
pure 17 as white crystals. Yield: 80%. Rf ) 0.34 (cyclohexane/
ethyl acetate 1:2). Mp ) 129-131 °C. [R]20

D ) -16.0 (c 0.100,
CHCl3). 1H NMR (CDCl3) δ: 6.94 (s, 1H, 5-H), 5.50 (s, 1H, 8-H),
6.03 (s, 2H, 2′,6′-H), 5.96 (d, 2H, J ) 10.4 Hz, CH2O2), 5.48 (s,
1H, 4′-OH), 5.15-5.10 (m, 1H, 4-H), 4.45 (t, 1H, J ) 7.6 Hz,
13a-H), 4.33 (d, 1H, J ) 5.9 Hz, 1-H), 3.78 (s, 6H, 3′,5′-OCH3),
3.61 (dd, 1H, J ) 8.4, 11.3 Hz, 13b-H), 3.42-3.29 (m, 1H, 2-H),
2.77 (dd, 1H, J ) 3.3, 14.4 Hz, 3-H), 2.64 (br s, 1H, 4-OH). MS
(CI) m/z: 418 [M + NH4]+. Anal. (C21H20O8) C, H.

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demethyl-
epipodophyllotoxin (19). Compound 18 (614 mg, 1.53 mmol)
was treated under conditions similar to those described for the
preparation of 3, giving 19 in 82% yield (after flash chroma-
tography using cyclohexane/ethyl acetate 1:2 as the eluent)
as a white amorphous solid. Rf ) 0.44 (cyclohexane/ethyl
acetate 1:2). Mp ) 128-130 °C. [R]20

D ) -7.5 (c 0.1, CHCl3).
1H NMR (CDCl3) δ: 7.45-7.35 (m, 5H, Ph), 6.93 (s, 1H, 5-H),
6.49 (s, 1H, 8-H), 6.03 (s, 2H, 2′,6′-H), 5.97 (d, 2H, J ) 10.3
Hz, CH2O2), 5.27 (s, 2H, CH2Ph), 5.16 (t, 1H, J ) 3.3 Hz, 4-H),
4.48 (t, 1H, J ) 8.0 Hz, 13a-H), 4.39 (d, 1H, J ) 5.9 Hz, 1-H),
3.71 (s, 6H, 3′,5′-OCH3), 3.66 (dd, 1H, J ) 8, 11.5 Hz, 13b-H),
3.37 (m, 1H, 2-H), 2.77 (dd, 1H, J ) 3.3, 14.4 Hz, 3-H), 2.62
(d, 1H, J ) 3.3 Hz, 4-OH). MS (CI) m/z: 552 [M + NH4]+.
HRMS (DIC/NH3) m/z 552.1870 [M + NH4]+ C29H26O10 requires
552.1866 [M + NH4]+. Anal. (C29H26O10) C, H.

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demethyl-
epipodophyllotoxin 4-(p-nitrophenyl)carbonate (20). Com-
pound 19 (523.6 mg, 0.980 mmol) was treated under conditions
similar to those described for the preparation of 4, to afford
20 (0.95 mmol) in 97% yield (after flash chromatography using
a mixture cyclohexane/ethyl acetate 2:1 as the eluent) as a
white amorphous solid. Rf ) 0.56 (cyclohexane/ethyl acetate
2:1). Mp ) 125-130 °C. [R]20

D ) -67.0 (c 0.510, CHCl3). 1H
NMR (CDCl3) δ: 8.27 (d, 2H, J ) 7.1 Hz, PhNO2), 7.46-7.35
(m, 7H, CH2Ph (5H), PhNO2 (2H)), 7.10 (s, 1H, 5-H), 6.55 (s,
1H, 8-H), 6.40 (d, 1H, J ) 3.4 Hz, 4-H), 6.03 (m, 3H, 2′,6′-H,
CH2O2), 6.01 (d, 1H, J ) 1.1 Hz, CH2O2), 5.27 (s, 2H, CH2Ph),
4.54-4.47 (m, 2H, 1-H, 13a-H), 3.72 (s, 6H, 3′,5′-OCH3), 3.66
(dd, 1H, J ) 8.4, 11.2 Hz, 13b-H), 3.36 (m, 1H, 2-H), 2.98 (dd,
1H, J ) 3.4, 14.4 Hz, 3-H). MS m/z: 717 [M + NH4]+. Anal.
(C36H29NO14) C,H,N.

General Procedure for the Synthesis of Compounds
21-26. To a stirred solution of 20 (0.286 mmol, 200 mg) in
CH2Cl2 (10 mL) was added the appropriate amine (0.429 mmol,
1.5 equiv) and triethylamine (0.429 mmol) at room tempera-
ture. After the reported times, the reaction mixture was
washed with a cold saturated NaHCO3 solution and then with
water until pH 6-7. The extract was dried over MgSO4 and
concentrated in vacuo at 30 °C. The residue was purified by
silica gel column chromatography, using the mixture CH2Cl2/
MeOH 90:10 as the eluent, to afford pure compounds 17-22.
The chromatographed compounds were directly employed in
the subsequent deprotection step without further purification.

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demethyl-
epipodophyllotoxin 4-[N-[2-(N′,N′-Dimethylaminoeth-
yl)]]carbamate (21). Yellow amorphous solid. Reaction time:
1.30 h. Yield 78%. Rf ) 0.20 (CH2Cl2/MeOH 90:10). Mp ) 113-
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116 °C. [R]20
D ) -45.5 (c 0.910, CHCl3). 1H NMR (CDCl3) δ:

7.45-7.36 (m, 5H, CH2Ph), 7.21 (s, 1H, 5-H), 6.49 (s, 1H, 8-H),
6.38 (d, 1H, J ) 3.5 Hz, 4-H), 6.03 (br s, 2H, 2′,6′-H), 5.98 (d,
2H, J ) 7.6 Hz, CH2O2), 5.28 (s, 2H, CH2Ph), 5.18 (br t, 1H, J
) 5.3 Hz, NH), 4.44 (br t, 1H, J ) 8.3 Hz, 13a-H), 4.41 (d, 1H,
J ) 6.1 Hz, 1-H), 3.71 (s, 6H, 3′,5′-OCH3), 3.59 (dd, 1H, J )
8.3, 11.2 Hz, 13b-H), 3.37-3.24 (m, 3H, 2-H, CH2R), 2.86 (dd,
1H, J ) 3.5, 14.4 Hz, 3-H), 2.41 (m, 2H, CH2â), 2.21 (s, 6H,
N(CH3)2). MS (CI) m/z: 649 [M + H]+. HRMS (FAB+) m/z:
649.2388 [M + H+] C34H36N2O11 requires 649.2397 [M + H+].

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demethyl-
epipodophyllotoxin 4-[N-[2-(N′,N′-Dimethylaminoethyl)]-
N-methyl]carbamate (22). Reaction time: 2 h. White amor-
phous solid. Yield: 78%. Rf ) 0.37 (CH2Cl2/MeOH 90:10). Mp
) 102-104 °C. [R]20

D ) -42.5 (c 1.04, CHCl3). 1H NMR (CDCl3)
δ: 7.49-7.34 (m, 5H, CH2Ph), 7.25 (s, 1H, 5-H), 6.49 (s, 1H,
8-H), 6.36-6.45 (m, 1H, 4-H), 6.03 (br s, 2H, 2′,6′-H), 5.98 (d,
2H, J ) 6.9 Hz, CH2O2), 5.28 (s, 2H, CH2Ph), 4.51-4.40 (m,
2H, 1,13a-H), 3.71 (s, 6H, 3′,5′-OCH3), 3.59 (dd, 1H, J ) 8.1,
11.3 Hz, 13b-H), 3.65-3.55 (m, 2H, CH2R), 3.50-3.40 (m, 1
H, 2-H), 2.98 (s, 1.5H, NCH3 (rot.)), 2.92-2.87 (m, 1H, 3-H),
2.82 (s, 1.5H, NCH3 (rot.)), 2.56-2.47 (m, 2H, CH2â), 2.31 (br
s, 3H, N(CH3)2), 2.23 (br s, 3H, N(CH3)2). MS (CI) m/z: 663
[M + H]+.

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demeth-
ylepipodophyllotoxin 4-[N-(2-Aminoethyl)]carbamate (23).
Reaction time: 30 min. White amorphous solid. Yield 76%. Rf

) 0.12 (CH2Cl2/MeOH 90:10). Mp ) 114-116 °C. [R]20
D )

-59.0 (c 0.350, CHCl3). 1H NMR (CDCl3) δ: 7.46-7.29 (m, 5H,
CH2Ph), 7.16 (s, 1H, 5-H), 6.47 (s, 1H, 8-H), 6.41-6.30 (m, 1H,
4-H), 6.02 (s, 2H, 2′,6′-H), 5.94 (d, 2H, J ) 7.8 Hz, CH2O2),
5.25 (s, 2H, CH2Ph), 4.49-4.32 (m, 2H, 1,13a-H), 3.69 (s, 6H,
3′,5′-OCH3), 3.57 (br t, 1H, J ) 8.7 Hz, 13b-H), 3.40-3.17 (m,
3H, 2-H, CH2â), 2.93-2.76 (m, 3H, 3-H, CH2R), 2.13 (br s, 3H,
NH, NH2). MS (CI) m/z: 621 [M + H]+.

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demethyl-
epipodophyllotoxin 4-[N-[2-(N′,N′-Dimethylaminopro-
pyl)]]carbamate (24). Reaction time: 1.30 h. White amor-
phous solid. Yield 79%. Rf ) 0.14 (CH2Cl2/MeOH 90:10). Mp
) 102-104 °C. [R]20

D ) -51.0 (c 0.500, CHCl3). 1H NMR
(CDCl3) δ: 7.48-7.30 (m, 5H, CH2Ph), 7.19 (s, 1H, 5-H), 6.48
(s, 1H, 8-H), 6.38 (d, 1H, J ) 3.4 Hz, 4-H), 6.02 (s, 2H, 2′,6′-
H), 5.95 (d, 2H, J ) 6.4 Hz, CH2O2), 5.45 (br s, 1H, NH), 5.27
(s, 2H, CH2Ph), 4.49-4.33 (m, 2H, 1-H, 13a-H), 3.70 (s, 6H,
3′,5′-OCH3), 3.58 (t, 1H, J ) 9.8 Hz, 13b-H), 3.41-3.19 (m,
3H, 2-H, CH2R), 2.85 (dd, 1H, J ) 4.0, 14.0 Hz, 3-H), 2.38-
2.30 (m, 2H, CH2γ), 2.23 (s, 3H, N(CH3)2), 2.21 (s, 3H, N(CH3)2),
1.80-1.65 (m, 2H, CH2â). MS m/z: 663 [M + H]+. HRMS
(FAB+) m/z: 663.2539 [M + H+] C35H38N2O11 requires 663.2554
[M + H+].

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demethyl-
epipodophyllotoxin 4-[N-[3-(N′,N′-Dimethylaminopropyl)]-
N-methyl]carbamate (25). Reaction time: 1 h. White amor-
phous solid. Yield: 65%. Rf ) 0.30 (CH2Cl2/MeOH 90:10). Mp
) 124-126 °C. [R]20

D ) -46.0 (c 0.410, CHCl3). 1H NMR
(CDCl3) δ: 7.48-7.31 (m, 5H, CH2Ph), 7.24 (s, 0.5H, 5-H (rot.)),
7.05 (s, 0.5H, 5-H (rot.)), 6.50 (s, 1H, 8-H), 6.41 (d, 1H, J ) 3.8
Hz, 4-H), 6.03 (s, 2H, 2′,6′-H), 5.97 (d, 2H, J ) 6.0 Hz, CH2O2),
5.27 (s, 2H, CH2Ph), 4.62-4.50 (m, 1H, 13a-H), 4.45 (d, 1H, J
) 7.6 Hz, 1-H), 3.70 (s, 6H, 3′,5′-OCH3), 3.68-3.54 (m, 1H,
13b-H), 3.48-3.44 (m, 0.5H, CH2R (rot.)), 3.40-3.20 (m, 1.5H,
CH2R (rot.)), 3.15-3.00 (m, 2H, 2,3-H), 2.95 (s, 1.5H, NCH3

(rot.)), 2.80 (s, 1.5H, NCH3 (rot.)), 2.68 (s, 6H, N(CH3)2), 2.30-
2.10 (m, 2H, CH2γ), 1.87-1.60 (m, 2H, CH2â). MS (CI) m/z:
677 [M + H]+. HRMS (FAB+) m/z: 677.2725 [M + H+]
C36H40N2O10 requires 677.2710 [M + H+].

11-Oxo-13-deoxo-4′-benzyloxycarbonyl-4′-demethyl-
epipodophyllotoxin 4-[N-(3-Aminopropyl)]carbamate (26).
Reaction time: 30 min. White amorphous solid. Yield 60%. Rf

) 0.10 (CH2Cl2/MeOH 90:10). Mp ) 92-94 °C. [R]20
D ) -33.5

(c 0.475, CHCl3). 1H NMR (CDCl3) δ: 7.46-7.30 (m, 5H,
CH2Ph), 7.13 (s, 1H, 5-H), 6.47 (s, 1H, 8-H), 6.40-6.30 (m, 1H,
4-H), 6.01 (br s, 2H, 2′,6′-H), 5.95 (d, 2H, J ) 7.2 Hz, CH2O2),
5.26 (s, 2H, CH2Ph), 4.47-4.30 (m, 2H, 1-H, 13a-H), 3.78 (s,

6H, 3′,5′-OCH3), 3.55 (t, 1H, J ) 11.3 Hz, 13b-H), 3.32-3.18
(m, 4H, CH2R,γ), 3.00-2.73 (m, 5H, 2,3-H, NH, NH2), 1.80-
1.60 (m, 2H, CH2â). MS m/z: 635 [M + H] +.

11-Oxo-13-deoxo-4′-demethylepipodophyllotoxin 4-[N-
[2-(N′,N′-Dimethylaminoethyl)]]carbamate (27a). White
amorphous solid. Yield 90%. Rf ) 0.30 (CH2Cl2/MeOH 85:15).
Mp ) 140-142 °C. [R]20

D ) -64.0 (c 0.520, CHCl3). 1H NMR
(CDCl3) δ: 7.19 (s, 1H, 5-H), 6.48 (s, 1H, 8-H), 6.37 (d, 1H, J
) 3.5 Hz, 4-H), 6.01 (br s, 2H, 2′,6′-H), 5.96 (d, 2H, J ) 8.3
Hz, CH2O2), 5.19 (br s, 2H, 4′-OH, NH), 4.42 (br t, 1H, J ) 8.2
Hz, 13a-H), 4.35 (d, 1H, J ) 5.9 Hz, 1-H), 3.79 (s, 6H, 3′,5′-
OCH3), 3.55 (dd, 1H, J ) 8.2, 11.3 Hz, 13b-H), 3.32-3.21 (m,
3H, 2-H, CH2R), 2.87 (dd, 1H, J ) 3.5, 14.1 Hz, 3-H), 2.41 (m,
2H, CH2â), 2.20 (s, 6H, N(CH3)2). MS (CI) m/z: 515 [M + H]+.
HRMS (FAB+) m/z: 515.2043 [M + H+] C26H30N2O9 requires
515.2030 [M + H+].

11-Oxo-13-deoxo-4′-demethylepipodophyllotoxin 4-[N-
[2-(N′,N′-Dimethylaminoethyl)]-N-methyl]carbamate
(27b). White amorphous solid. Yield 94%. Rf ) 0.32 (CH2Cl2/
MeOH 90:10). Mp ) 133-135 °C. [R]20

D ) -50.0 (c 0.750,
CHCl3). 1H NMR (CDCl3) δ: 7.25 (s, 1H, 5-H), 6.50 (s, 1H, 8-H),
6.42-6.38 (m, 1H, 4-H), 6.02 (s, 2H, 2′,6′-H), 5.97 (d, 2H, J )
6.0 Hz, CH2O2), 4.43 (br t, 1H, J ) 8.2 Hz, 13a-H), 4.37 (d,
1H, J ) 5.9 Hz, 1-H), 3.80 (s, 6H, 3′,5′-OCH3), 3.56 (dd, 1H, J
) 8.2, 11.2 Hz, 13b-H), 3.44-3.38 (m, 1H, CH2a), 3.40-3.20
(m, 2H, 2-H, CH2R), 2.98 (s, 1.5H, NCH3 (rot.)), 2.95-2.86 (m,
1H, 3-H), 2.81 (s, 1.5H, NCH3 (rot.)), 2.52-2.43 (m, 2H, CH2â),
2.28 (s 3H, N(CH3)2), 2.19 (s 3H, N(CH3)2). MS (CI) m/z: 529
[M + H]+. HRMS (FAB+) m/z: 529.2180 [M + H+] C27H32N2O9

requires 529.2186 [M + H+].
11-Oxo-13-deoxo-4′-demethylepipodophyllotoxin 4-[N-

(2-Aminoethyl)]carbamate (27c). White amorphous solid.
Yield: 65%. Rf ) 0.16 (CH2Cl2/MeOH 85:15). Mp ) 161-163
°C. [R]20

D ) -76.5 (c 0.350, CHCl3). 1H NMR (CD3OD) δ: 7.02
(s, 1H, 5-H), 6.49 (s, 1H, 8-H), 6.35-6.26 (m, 1H, 4-H), 6.14
(s, 2H, 2′,6′-H), 5.93 (d, 2H, J ) 3.9 Hz, CH2O2), 4.60-4.37
(m, 2H, 1,13a-H), 3.73 (s, 6H, 3′,5′-OCH3), 3.60-3.43 (m, 1H,
13b-H), 3.40-3.20 (m, 4H, 2,3, CH2R), 3.15-2.94 (m, 2H,
CH2â). MS m/z: 487 [M + H]+. Anal. (C24H26N2O9) C, H, N.

11-Oxo-13-deoxo-4′-demethylepipodophyllotoxin 4-[N-
[3-(N′,N′-Dimethylaminopropyl)]]carbamate (27d). White
amorphous solid. Yield: 81%. Rf ) 0.16 (CH2Cl2/MeOH 85:
15). Mp ) 103-105 °C. [R]20

D ) -68.0 (c 0.285, CHCl3). 1H
NMR (CDCl3) δ: 7.03 (s, 1H, 5-H), 6.49 (s, 1H, 8-H), 6.37 (d,
1H, J ) 3.5 Hz, 4-H), 6.01 (s, 2H, 2′,6′-H), 5.96 (d, 2H, J ) 7.5
Hz, CH2O2), 5.80 (br s, 1H, 4′-OH), 4.45 (t, 1H, J ) 7.7 Hz,
13a-H), 4.36 (d, 1H, J ) 5.6 Hz, 1-H), 3.79 (s, 6H, 3′,5′-OCH3),
3.57 (dd, 1H, J ) 8.5, 11.1 Hz, 13b-H), 3.39-3.21 (m, 3H, 2-H,
CH2R), 3.20-3.08 (m, 1H, 2-H), 2.85 (dd, 1H, J ) 3.5, 14.6
Hz, 3-H), 2.72 (s, 6H, N(CH3)2), 2.26-2.10 (m, 2H, CH2γ),
2.00-1.85 (m, 2H, CH2â). MS m/z: 529 [M + H]+. HRMS
(FAB+) m/z: 529.2180 [M + H+] C27H32N2O9 requires 529.2186
[M + H+]. Anal. (C27H32N2O9) C, H, N.

11-Oxo-13-deoxo-4′-demethylepipodophyllotoxin 4-[N-
[3-(N′,N′-Dimethylaminopropyl)]-N-methyl]carbamate
(27e). White amorphous solid. Yield: 73%. Rf ) 0.10 (CH2Cl2/
MeOH 85:15). Mp ) 135-137°C. [R]20

D ) -67.0 (c 0.468,
CHCl3). 1H NMR (CDCl3) δ: 7.23 (s, 0.5H, 5-H (rot.)), 7.02 (s,
1H, 5-H (rot.)), 6.51 (s, 1H, 8-H), 6.41 (d, 1H, J ) 3.6 Hz, 4-H),
6.01 (s, 2H, 2′,6′-H), 6.97 (d, 2H, J ) 7.0 Hz, CH2O2), 5.47 (br
s, 1H, 4′-OH), 4.46 (t, 1H, J ) 5.8 Hz, 13a-H), 4.38 (d, 1H, J
) 5.3 Hz, 1-H), 3.79 (s, 6H, 3′,5′-OCH3), 3.59 (br t, 1H, J ) 9.9
Hz, 13b-H), 3.30-3.04 (m, 3H, 2-H, CH2R), 2.95 (s, 1.5H, NCH3

(rot.)), 2.81 (s, 6H, N(CH3)2), 2.78 (s, 1.5H, NCH3 (rot.)), 2.77-
2.70 (m, 3H, 3-H, CH2γ), 2.23-2.07 (m, 2H, CH2â). MS (CI)
m/z: 543 [M + H]+. HRMS (FAB+) m/z: 543.2346 [M + H+]
C28H34N2O10 requires 543.2342 [M + H+]. Anal. (C28H34N2O9):
C, H, N.

11-Oxo-13-deoxo-4′-demethylepipodophyllotoxin 4-[N-
(3-Aminopropyl)]carbamate (27f). White amorphous solid.
Yield: 75%. Rf ) 0.10 (CH2Cl2/MeOH 85:15). Mp ) 165-167
°C. [R]20

D ) -24.5 (c 0.430, DMSO). 1H NMR (CD3OD) δ: 6.97
(s, 1H, 5-H), 6.50 (s, 1H, 8-H), 6.30 (d, 1H, J ) 3.5 Hz, 4-H),
6.15 (s, 2H, 2′,6′-H), 5.94 (d, 2H, J ) 3.0 Hz, CH2O2), 4.60-
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4.40 (m, 2H, 1,13a-H), 3.73 (s, 6H, 3′,5′-OCH3), 3.52 (dd, 1H,
J ) 8.5, 11.1 Hz, 13b-H), 3.30-3.22 (m, 2H, 2,3-H), 3.10-2.94
(m, 4H, CH2R,γ), 1.96-1.72 (m, 2H, CH2â). MS (CI) m/z: 501
[M + H]+. Anal. C25H28N2O9 (C, H, N).

11-Oxo-13-deoxo-4′-demethyl-4′-benzyloxycarbonyl-4-
â-allyl-4-desoxypodophyllotoxin (28). To a cooled (0 °C)
solution of 19 (0.842 mmol, 450 mg) and trimethylallylsilane
(1.68 mmol, 267 µL) in CH2Cl2 was added BF3‚Et2O (0.27 mL).
After 4 h, the reaction mixture was quenched with pyridine
(0.27 mL). The mixture was successively washed with cold 1
N HCl and a saturated NaCl solution and then dried over
MgSO4. The obtained solution was concentrated in vacuo at
30 °C. The chromatographed compound was directly involved
in the subsequent deprotection step without further purifica-
tion. White amorphous solid. Rf ) 0.72 (CH2Cl2/acetone 95:5).
Mp ) 88-90 °C. [R]20

D ) -8.0 (c 0.540, DMSO). 1H NMR
(CDCl3) δ: 7.42-7.28 (m, 5H, Ph), 6.68 (s, 1H, 5-H), 6.38 (s,
1H, 8-H), 6.05 (s, 2H, 2′,6′-H), 5.90 (s, 2H, CH2O2), 5.84-5.70
(m, 1H, CH2CH)CH2), 5.23 (s, 2H, CH2Ph), 5.04-4.96 (m, 2H,
CH2CH)CH2), 4.40-4.30 (m, 2H, 1,13a-H), 3.66 (s, 6H, 3′,5′-
OCH3), 3.39 (dd, 1H, J ) 8.7, 11.0 Hz, 13b-H), 3.32-3.26 (m,
1H, 4-H), 3.20-3.06 (m, 1H, 2-H), 2.79 (dd, 1H, J ) 5.3, 14.4
Hz, 3-H), 2.61-2.50 (m, 1H, CH2CHdCH2), 2.40-2.25 (m, 1H,
CH2CHdCH2). MS (CI) m/z: 576 [M + NH4]+.

11-Oxo-13-deoxo-4′-demethyl-4′-benzyloxycarbonyl-4â-
(formylmethyl)-4-desoxypodophyllotoxin (30). A solution
of 28 (0.758 mmol, 423 mg), N-methylmorpholine N-oxide
(NMO) (0.834 mmol, 97.7 mg), and osmium tetraoxide 2.5 wt
% solution in 2-methyl-2-propanol (0.0758 mmol) in acetone
(5 mL) was stirred for 3 h at room temperature. A saturated
solution of NaHSO3 (2 mL) was then added and the reaction
mixture was extracted with ethyl acetate to afford the diol 29.
This crude compound (0.405 mmol, 240 mg) and Pb(OAc)4

(0.405 mmol, 1 equiv) in dry benzene (18 mL) were stirred for
3 h at room temperature. The reaction mixture was filtered
off. The solid residue was washed with ethyl acetate. The
filtrate was concentrated in vacuo at 30°C and the residue was
purified by silica gel column chromatography using a mix-
ture CH2Cl2/MeOH 90:10 as the eluent to give 30 as a
white amorphous solid in 65% yield. Rf 0.16 (CH2Cl2/MeOH
90:10). Mp ) 116-118 °C. [R]20

D ) -23.5 (c 0.335, CDCl3). 1H
NMR (CDCl3) δ: 9.88 (s, 1H, CHO), 7.48-7.30 (m, 5H,
CH2Ph), 6.75 (s, 1H, 5-H), 6.42 (s, 1H, 8-H), 6.05 (s, 2H, 2′,6′-
H), 5.92 (d, 2H, J ) 5.9 Hz, CH2O2), 5.27 (s, 2H, CH2Ph), 4.50-
4.40 (m, 1H, 13a-H), 4.34 (d, 1H, J ) 5.2 Hz, 1-H), 3.70 (s,
6H, 3′,5′-OCH3), 3.52 (t, 1H, J ) 11.0 Hz, 13b-H), 3.00-2.79
(m, 4H, 2,4-H, CH2), 2.67-2.50 (m, 1H, 3-H). MS (CI) m/z: 578
[M + NH4]+.

11-Oxo-13-deoxo-4′-demethyl-4′-benzyloxycarbonyl-4-
â-[2-[[2-(N′,N′-dimethylamino)ethyl]amino]ethyl]-4-des-
oxypodophyllotoxin (31). Compound 30 (0.338 mmol, 190
mg) was added to a stirred mixture of N,N-dimethylethylene-
diamine (0.372 mmol, 40.8 µL), AcOH (0.2 mL), and NaCNBH3

(0.406 mmol, 25.5 mg) in MeOH (10 mL) at 0 °C. The mixture
was allowed to warm to room temperature and then stirred
for an additional 3 h. Ethyl acetate (50 mL) was added. The
mixture was washed with a cold saturated NaHCO3 solution,
followed by washing to pH 6-7 with a saturated NaCl solution.
The organic layer was dried over MgSO4 and concentrated in
vacuo below 30 °C. The residue was purified by silica gel
chromatography using CH2Cl2/MeOH 5:1 as the eluent to
provide pure 31 as a white amorphous solid in 60% yield. Rf

) 0.40 (CH2Cl2/MeOH 85:15). Mp ) 95-97 °C. [R]20
D ) -37.0

(c 0.320, CDCl3). 1H NMR (CDCl3) δ: 7.42-7.30 (m, 5H, Ph),
6.62 (s, 1H, 5-H), 6.33 (s, 1H, 8-H), 6.16 (s, 2H, 2′,6′-H), 5.88
(s, 2H, CH2O2), 5.25 (s, 2H, CH2Ph), 4.31-4.20 (m, 1H,
13a-H), 4.18-4.10 (m, 1H, 1-H), 3.67 (s, 6H, 3′,5′-OCH3),
3.50-3.38 (m, 4H, 2,4,13b-H, NH), 3.30-2.19 (m, 1H, 3-H),
3.05-2.90 (m, 4H, 2CH2 R,â), 2.82 (s, 6H, N(CH3)2), 2.63-2.50
(m, 2H, CH2NH), 2.10-1.98 (m, 2H, CH2). MS (CI) m/z: 633
[M + H]+. Anal. (C35H40N2O9) C, H, N.

11-Oxo-13-deoxo-4′-demethyl-4-â-[2-[[2-(N,N-dimeth-
ylamino)ethyl]amino]ethyl]-4-desoxypodophyllotoxin
(32). White amorphous solid. Yield: 65%. Rf ) 0.11 (CH2Cl2/

MeOH 5:1). Mp ) 115-117 °C. [R]20
D ) -10.0 (c 0.285, DMSO).

1H NMR (CDCl3) δ: 6.63 (s, 1H, 5-H), 6.35 (s, 1H, 8-H), 6.14
(s, 2H, 2′,6′-H), 5.88 (s, 2H, CH2O2), 4.31-4.20 (m, 1H,
13a-H), 4.09 (d, 1H, J ) 4.6 Hz, 1-H), 3.92-3.82 (m, 1H, CH2a),
3.76 (s, 6H, 3′,5′-OCH3), 3.70-3.60 (m, 1H, CH2R), 3.50-3.38
(m, 1H, 13b-H), 3.30-3.19 (m, 2H, 4-H, NH), 3.10-3.00 (m,
2H, 2,3-H), 2.81-2.62 (m, 8H, CH2â, N(CH3)2), 2.52-2.48 (m,
2H, CH2), 2.10-1.98 (m, 2H, CH2). MS (CI) m/z: 499 [M +
H]+. Anal. (C27H34N2O7) C, H, N.

DNA and Biochemicals. The plasmid pBS was from
Stratagene. Human topoisomerase IIR was purchased from
TopoGEN Inc. and etoposide from Sigma Chemicals.

Compounds were dissolved immediately before use in di-
methyl sulfoxide at 5 mM and then diluted to working con-
centrations in distilled water.

Topoisomerase II-mediated DNA Cleavage Assay.
Supercoiled pBS DNA (0.1 µg) was incubated for 15 min at 30
°C, in a 50 mM Tris-HCl buffer, pH 7.5, containing 1 mM ATP,
120 mM KCl, 10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA,
and 30 µg BSA, in the presence of increasing concentrations
of drug (from 0.05 to 50 µM) (total reaction volume 10 µL).
Two units of human DNA topoisomerase IIR was added to the
sample, preincubated as described, and incubated for 20 min
at 30°C. The DNA-topoisomerase II cleavage complexes were
dissociated by addition of sarcosyl to a 0.5% final concentra-
tion. Loading dye was added and DNA samples were electro-
phoresed (35 V/cm) in a 1% agarose gel in TBE × 1, containing
ethidium bromide (1 µg/mL), at room temperature for 2 h. Gels
were washed in water and photographed under UV light. The
amount of linearized DNA in the presence of the drugs was
measured and considered as the parameter to evaluate the
ability of these compounds to stabilize the cleavage complex.

Cell Culture and Cytotoxicity Assays. Cells were cul-
tivated in RPMI 1640 medium (Invitrogen Inc.) supplemented
with 10% fetal calf serum, 2 mM L-glutamine, 100 units/mL
penicillin, 100 µg/mL streptomycin, and 10 mM HEPES buffer
(pH 7.4). Cytotoxicity was measured by the microculture
tetrazolium assay (MTA) as described.

The nonadherent L1210 cells in exponential phase of growth
were incubated for 48 h with serial dilutions of the compounds.
At the end of this period, 15 µL of 5 mg/mL of 3-(4,5-dimethyl-
2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) were
added to each well and the plates were incubated for 4 h at
37 °C. The medium was aspirated and the formazan solubilized
by 100 µL of DMSO. The IC50, the concentration reducing by
50% the optical density at 540 nm, was calculated by a linear
regression performed on the linear zone of the dose-response
curve. All the measurements were performed in triplicate.

Cell Cycle Analysis.30,31 L1210 cells (2.5 × 105 cells/mL)
were incubated for 21 h with various concentrations of the
compounds. Cells were then fixed in 70% ethanol (v/v) and
washed and incubated in Dulbecco’s phosphate-buffered saline
(D-PBS) containing 100 µg/mL RNase A and 25 µg/mL pro-
pidium iodide for 30 min at 20 °C. For each sample, 104 cells
were analyzed on a Epics XL/MCL flow cytometer (Beckman
Coulter).

Antitumor Activity in Vivo. Murine P388 leukemia tumor
model was used as previously described.32 B6D2F1 mice were
inoculated ip with 106 tumor cells (day 0) and drugs were iv
administered on day 1.

A549 human lung carcinoma tumor cells were cultured and
grafted into immunodeficient mice as previously described.33

Briefly, 106 cells in a volume of 100 µL were implanted through
the chest wall into the left pleural space of anesthetized
BALB/C nude mice. Mice were treated iv when the tumors
were established, on days 14, 21, and 28 after the injection of
tumor cells.

The antitumor activity was assessed by the increase in the
life span of mice. The median survival time (MST) of the
treated group (T) was compared with that of the control group
(C), and the results were expressed as T/C (%) ) (MST of
treated group/MST of control group) × 100. All experiments
were approved by an ethical committee and in accordance with
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the guidelines approved by the UKCCCR for the welfare of
animals in experimental neoplasia.34

Tubulin Test. Tubulin polymerization inhibition was de-
termined as reported previously.35
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Atassi, G. Histology and sensitivity to anticancer drugs of two
human non-small cell lung carcinomas implanted in the pleural
cavity of nude mice. Clin. Cancer Res. 2000, 6, 297-304.

(34) Workman, P.; Balmain, A.; Hickman, J. A.; McNally, N. J.;
Rohas, A. M.; Mitchison, N. A.; Pierrepoint, C. G.; Raymond,
R.; Rowlatt, C.; Stephens, T. C.; Wallace, J.; Straughan, D. W.
UKCCCR guidelines for the welfare of animals in experimental
neoplasia. Lab. Anim. 1988, 22, 195-201.

(35) Zavala, F.; Guenard, D.; Robin, J.-P.; Brown, E. Structure-
Antitubulin activity relationships in steganacin congeners and
analogues. Inhibition of tubulin polymerization in vitro by
(()-isodoxypodophyllotoxin. J. Med. Chem. 1980, 23, 546-549.

JM0495733

4′-Demethylepipodophyllotoxin Derivatives Journal of Medicinal Chemistry, 2005, Vol. 48, No. 2 603


